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INTROL CTION

II
This report is the compiled results of the comprehensive Literature

search performed for the Particle Optical Properties Measurements

(POPM) program. All data relevant to the infrared optical properties

of aluminum oxide, carbon, magnesium oxide, and zirconium dioxide

found in the search were critically evaluated and summarized. These

data were carefully reviewed and the "best" data for each material were

selected. On the basis of this review, areas in which further research

is required were noted.

The report is divided into three major sections: Section I contains

the representative or "best" data for the refractive index, extinction

index, spectral and total emissivities, reflectance, and transmittance

of each material; Section II lists all relevant literature found in the

search; and Section III presents in tabular and graphic formats the

digitized data from the literature. Each major section is divided by

material into categories that are further divided by optical property.

It would be useful if, for all surveyed data, a maningful estimate

of experimental error could be made. An examination of the literature

revealed that error analyses are seldom included in papers, and even

descriptions of experimental apparatus and procedures are often lacking.

This greatly hampers the proper evaluation of published data, and in many

cases has necessitated the use of a comparison technique. The method

used to construct each representative curve is d-scribed in Section I and

in general consists of either a mathematical fit to collections of data
.•.•pointq from many sources, or selections of "best" data connected to

form broad coverage over a temperature or spectral range. The

rationale for including Section 11, with its many sets of tabulated

data, is to permit the user of this handbook to use data gathered tor

specific types of materials.

Wherever possible the data in this handbook were taken from published

tables. Where these were not available, the curves in the literature were

linearly enlarged and digitized using an Oscillogram and Film Semi-Automatic

Reader (OSCAR), manufactured by Benson-Lehner Corporation. It is felt

that the uncertainties in the tabulated data arise principally from basic exper-

imental errors and journal reproduction uncertainties. Digitization was done

over the complex spectra in such a way that a linear interpolation between

icý.



points would be valid, so in spectral regio',s that are highly structured

the digitized points are densely packed and irn smooth regions the

points are widely spaced. The abstract accompanying the tabulated

data In Section III identifies those data sets where the digitization

was of discrete points in the original papers.

A few remarks concerning the notation used in this handbook need

to be made. First, the actual numerical values of the optical parameters

are listed in the tables, except for R and T, which in the tables are

listed in percent and thus have values between 0 and 100. Second, the

extinction index, k, is consistently presented here, even when the

original published data we.4e given as the absorption coefficient, a.

k and a are related by the expression,

k --

-1a is conventionally given in units oi cm , in which case X must be given

in cm (l =; 10- 4 cm).
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"Symbols Used in this Handbook

! -Wavelength (m~crons)

T: Temperature (degrees Kelvin, OK)
n: Refractive index (dimensionless)
k: Extinction index (dimensionless)

cf: Absorption coefficient (cn,-l or rm-l)
e(). Spectral emissivity (tabulated in percent)f e(Ty Total hemispherical emissivit; (tabulated in percent)
R: Reflectance (tabulated in percent)
TR: Transmittance (tabulated in percent)

ii
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*-NOTE ADDED IN PROOF CONCERNING A NEW REFERENCE

D. P. DeWitt, Handbook of the 0 ticall, Thermal and Mechanical
Properties of Six Polycry-st'a~line Dielectric MaterThals, Purdue Univ.
T 9ermophys. Prop. Res, Dec., 1972.

in this handbook, the refractive and extinction indices, transmittance,
emittance, reflectance, absorptance, and scattering coefficient for
aluminum oxide, calcium fluoride, magnesium fluoride, magnesium oxide,
silicon dioxide, and titanium dioxide are presented. These data have been
gathered from open literature sources, many of which are p:esented and
evaluated in the present Aerospace Corp. /AFRPL handbook. This reference
provides an excellent general survey of aluminum and magnesiur'a oxide

properties over, in the main, the short to medium infrared spectral regions,
but no attempt has been made to produce digitized data sets for the source
data, or to provide sets of representative op.ical properties, as has been
done in the present report.
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I-1 ALUMINUM OXIDE PROPERTIES

I-1. 1 Refrac;ive Index, n - Aluminum Oxide

The refractive index of sapphire has been extensively

studied at T = 300°K, but data for other temperatures are sparse.

0
Piriou (Ref. 1N-9) has studied sapphire at 1773°K irom 9ii to

33 p, and Loewenstein (Ref. IN-3) at T = 1.5°K. Their results

indicate that the refractive index changes very little with temper-

ature except near resonant lattice fre'uiencies. A representative

curve for sapphire at T = 300°K has been constri'cted using the

data from references IN-3, IN-5, IN-9, and IN-11. No bulk

alumina refractive index data were located in the literature, and

refractive iidex data for powders were found only in Streed

(Ref. IN-12) and are of uncertain value, since the sapphire refrac-

tive index repo.'ted in this source was greatly at variance with all

other measurements. No experimental measurements of n from

6P to 9p, aside from Reference IN-12, have been located, and the

representative curve has been constructed in this region by linear

interpolation. Where the ordinary and axtraordinary indices have

been measured (-, 30p and longcr), the ordinary value of n has

been used. All measured values of n0 and n are tabulated in

Section 111-1. 1.

The representative curve is shown in Figure I-1. 1 and is

tabulated in Table I-1. 1. Section I-1.7 gives in tabular form the lattice

frequencies of aluminum oxide which relate to the structure seen in the

optical properties curves.

1- 1
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1-1.2 Extinction Index, k - Aluminum Oxide

FigaLe I-1. 2 shows the represeatative curve for the extinc-

tion index of high-density alumina and sapphire •,c T = 300 0 K, con-

structed from the data of Grimm (Ref. IK-I), Piriou (Ref. lK-12,
IK-13) and Loewenstein (Ref. IK-5) for the spectral range 2pt to 340pt.

Small changes in k do occur and these are presented in Section III. 1. 2

showing the temperature effect to 2300 0K. All values of k are for the

ordinary ray; extraordinary ray data is located in Section III-1. 2.

Only one reference, IK-4, was found for the thin film

extinction index, and one, IK-16, for powdered alumina, and these

are summarized in Section 111-1. 2. Reference IK-16 is of uncertain

value for powdered alumina, since the values of k reported for

sapphire in this reference deviate considerably from all other

published values.

Section 1-1.7 contains absorption peak information showing

where fine structure in the extinction index is to be expected. Section

1-1. 6 gives transmittance data that also shows spectral regions

having fine structure, and also gives powder transmittance data.

1-5
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1-1.3 Spectral Emissivity, e (X) - Aluminum Oxide

Representative curves for the spectral emissivity of bulk

alumina, bulk sapphire, and powdered sapphirc are presented in

this section. Supplementary to this in Section 111-1. 3 are data for

liquid alumina droplet emissivity and surface roughness effects onalumina

emissivity. Additional data on emissivity are contained in Section 1-1. 4,

where the reflectance data are summarized. Since Kirchhoff's law

S= I-R applies only to the proper angular complements, a conversion

of all reflectance to emissivity has not been made.

I-1.3.1 Bulk Al 0 3

The bulk forms of Al 2 0 3 , sapphire (e -AAl0 3 ) and alumina

have different emissive properties, as shown in Figures I-I. 3a, b,

and c. All bulk AlzO 3 shows a distinct emissivity maximum from

approximately 4g/ to 111j, the oauset of this peak shifting to shorter

wavelengths as the sample temperature is increased. Representative

data for sapphire are from Stierwalt (Ref. 1SE-16) over a temperature

range 4.2°K to 200 0 K and a spectral range lp to 125 p ; the data of

Blau (Ref. 1SE-5) for 99 percent pure alumina over a temperature

range of 800 K to 1300°K is taken to be repres mtative of the pressed

and sintered forms of A10 A. A precision of 4 ± percent as claimed

by Blau (Ref. ISE-5) is taken to be representative of aPl data shown in

Figure3 1-1.3. 1 and I-1. 3.Z, although no explicit statement of precision

is given by the other references shown. The effect of differences in

sample surface preparation on A)ll 3 emissivity has been studied by

Richmond (Ref. 1SE-13) and has been found to be negligible below

14 p . The relatively minor effect of temperature can be seen in

the data of Section 111-1. 3. Data from other researchers or many

bulk forms of A10 3 are included in SectionII1-1.3 in graphical and

tabular form, where are also more detailed descriptions of the

representative data.

1-10
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1-1.3.2 Powde Ad Aluminum Oxide

The representative spectral emissivity of powdered

A12 0 3 over a particle size range of 0. 06 30 4 and a temperature

of 3000K is shown in Figure 1-1.3.2. The values of e(X) reported

by Aronson (Ref. 1SE-2) and S•reed (Ref. ISE-17) are much

higher for X > 12p than the bulk materials, but do show the

decrease at 1l1 from a plateau starting at approximately 4p.

The sharp peak occuring at 3pk is due to water contamination

uf tLWc sample and is not prefent in the high temperature data.

The complete set of particle emissivity data is contained in

Section 111-1.3. The representative curve is for 9 WCA alumina

particles at 300°K as measured by Aronson (Ref. 1SE-2).

1-15
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1-1.4 Total Normal Emissivity, e (T) - Aluminum Oxide

The total emissivities of bulk alumina and sapphire have been

measured in the literature for temperatures ranging from 63°K to

1800 0 K. The representative curve for alumina data, constructed by

fitting a third order polynomial to data from References ITE-4 and

ITE-5 is shown in Table 1-1.4 and Figure 1-1.4. e(T) = 0.77 at

low temperatures, then goes through an apparent minimum of about/0. 37
0

at 1660 K. No experimental error is quoted for these data.

f (T) for sapphire is given in Section IH-1.4 in tabulated form

in Ref. ITE-2 and ITE-6, and appears to be less than the alumina

emissivity over the range of temperatues covered, 200 0 K to 1273 0 K.

One reference (1TE-3) gives c(T) for rocket exhaust

particles from T = 1389 0 K to 222° 0 K. This is presented in Section

1-19
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1-1. 5. Reflectivity - Aluminum Oxide

Reflectivity data for sapphire, bulk alumina, alumina powders

and films at 3000 K are tabulated in.Section III. Representative curves

for sapphire, bulk alumina, and alumina powder are presented here.

Since the reflectivity of a sample is highly dependent upon surface

conditions, the representative curve should be interpreted only in a

relative sense. No attempt has been made to normalize the curves

used as representative reflectivities.

1-1. 5. 1. Sapphire

The 3000K data of Aronson (Ref. lR-3) and Barker Ref. IR-4)

have been taken as representative and plotted together in Figure 1-1. 5. 1.
Reflection maxima are seen to occur at approximately 14. 5p, 17. 5p,

21. 7p, 23. 0•V, 27 to 29p, and 5211. Lattice parameter information

deduced from these and other data are presented in Section 1-1. 7.

1-1. 5.2 Bulk Alumina

The reflectance of bulk alumina at short wavelengths

has been found to be much higher than sapphire reflectance. The

data for X>9jj are similar to sapphire. The data of Clark (Ref. IR-6)

and Harris (Ref. IR-18) are plotted as representative data in Figures
1-1, 5.2 and tabulated in Table 1-1.5.2.

1-1. 5. 3 Alumina Powder

The reflectivity for 3. 5pt mean diameter alumina platelets

at 300 0 K from 711 to 30p is shown in Figure 1-1. 5.3. These data

are from Aronson (Ref. IR-l) and data for particle sizes up to 100l1

are plotted and tabula.ted in Section 111-1. 5. The small peak between

101 and 12p has been observed for spinel alumina by Levy (Ref. 1R-10).
The gross features of the alumina powder reflectance match those of

the sapphire.
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1-1.6. Transmittance - Aluminum Oxide

The transmittance of Al 0 is shown in Tables I-1.6a2 3
through I-1. 6e for T = 300 0 K. The transmittance is a weak

function of temperature, and variations with T that occur uver

some spectral ranges are tabulated in Section 111-1. 6. The

unnormalized transmittances of various thicknesses of sapphire

and alumina powder shown in the figures are taken from

Oppenheim (Ref. 1T-17), Piriou (Ref. 1T-19), White

(Ref. 1T-2Z), Dorsey (Ref. 1T-I) znd Loewenstein (Ref. 1T-9).

The structure observed in the optical properties of alumina is

tabulated in terms of normal lattice frequencies and absorption

bands in Section 1-1.7.
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11-1.7 Classical Oscillator Frequencies and Observed

Absorption Peaks of A1 20 3

These data were compiled from Aronson (Ref. IR-3),

Piriou (Ref. IN-9, IT-19), Barker (Ref. IR-4) -nd Dorsey

(Ref. IT-I). Redundant measurements have not been removed.

Xv (cm- ) Comments Reference

28. 669 348.8 1N-9

25. 974 385 + 1% ordinary ray 1R-4

25.907 386 strong 1T-1

25.773 388 longitudinal mode, ord. ray IR-4

25. 000 400 extraordinary ray IR-4

22.936 436 forbidden 1R-4

22.779 439 forbidden IR-4

22.763 439.3 IN-9

22.624 -42 + 1% ordinary ray IR-4

22.472 445 strong IT-1

22.321 448 forbidden lR-4

22. 222 450 forbidden IR-4

22. 786 459 forbidden IR-4

21. 186 472 forbidden IR-4

20. 833 480 + 1% longitudinal mode, ord. ray 1R-4

20. 704 483 forbidden IR-4

20. 534 487 strong IT-l

19.531 512 longitudinal mode, ext. ray IR..4

17. 575 569 + 1% ordinary ray L-4

1-37



Ii >1

v (cm ) Comments Reference
17.559 569.5 IN-9

17.5)3 571 forbidden IR-4
17. 153 583 IT-I

17. 153 583 + 1% extraordinary ray lR-4
16. 892 592 forbidden 1R-4
16. 722 598 forbidden IR-4
J6. 000 625 + 1% longitudinal mode, ord. ray IR-4
15.773 634 IN-9

15. 748 635 + 1%o ordinary ray IR-4

15. 699 637 forbidden 1R-4

15.0'74 6 8 strong IT- 1

15. 385 650 forbidden IR-4

15. 290 654 + 1% extraordinary ray 1R-4

12. 987 770 forbidden IR-4

12. 820 + 0.05 780 + 3% 1N-9

12. 407 806 forbidden IR-4

11.481 871 longitudinal mode, o.rd. ray 1R-4

11.313 + 0.039 884 + 3% IN-9

11.111 900 + 1% longitudinal mode, ext. ray 1R-4

10.040 996 iT-19
9.390 1065 strong IT-19

9.009 1110 strong 1T-19

8.591 1164 strong IT-19
8.403 1190 medium 1T-19

8.039 1244 strong IT-19

7.819 1279 strGng 1T-19

7.541 1326 strong 1T-19
7.299 1370 medium IT-19

6.978 1433 strong 1T-19

6.711 1490 strong IT-19

6.299 1590 medium IT-19

5.556 ,1800 medium IT-19
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I-1,S Conclusions: Areas Needing Further Research

An examination of the Al 2 O 3 literature shows that more

research is needed for the following infrared optical properties.

(a) Relractive Index:

Sapphire - no reliable data from 6- 9p have been found.

Bulk Y lumina - no measurements of the refractive

index have been made.

Puwders - the only data obtained are of uncertain valLe.

(b) Extinction Index:

P..;wders - the only data obtained are of uncertain value.

(c) Spectral Emittance:

Bulk Alumina - no measurements beyond 15j.thave been made

Powdered Alumina - the measurementF made for powders

indicate only that the emissive properties of particles have

not yet been determined.

(d) Total Emissivity:

Powders - except for one Reference (1TE-3) no information

has been obtained on c(T) for powdered materials.

(e) Reflectivity:

Bulk Alumina - a gap exists from 2 4 to 81.

Powders - no high temperature measurements have

been made. The 300 K measurements of Aronson

(Ref. 1R-l) cover 7 to 30O.

1 1-39



1-2 CARBON PROPERTIES

1-2.1 Refractive Index, n - Carbon

Very few measurements of the refractive index of carbon
ok graphite exist in the literature. Figure 1-2. 1 and Table 1-2. 1

present the data of Foster (Ref. 2N-2) for graphite, which is

taken to be representative of carbon and graphite. Refractive

index measurements on soot (Ref. 2N-1, 2N-2) indicate that n (X)

increases with wavelength for both graphite and soot, and that

the soot data are within a factor of 2 of the graphite data.

Glassy carbon measurements (Ref. ZN-10) to 2p are in good

agreement with the representative curve, as are the pyrolytic

graphite data of Lenham (Ref. 2N-6) which extend to 17p. Fair

agreement exists between the representative curve and carbon film

data (Ref. 2R-4).
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1-2. 2 Extinction Index, k - Carbon

The measurements of k for carbon, graphite, and pyrolytic

graphite found in the literature are in very poor agreement over all

wavelengths. The value of k at l seems to be between 0. 5 and

1. 0, but the behavior with wavelength is not clearly defined.

Krascella (Ref. 2K-7) shows k for carbon smoothly rising to 2.0

at L.0, Foster (Ref. 2K-3) shows for graphite a rise to 1.2 at

40 then finally a decrease to 0.8 at 10.0p. Hennig (Ref. 2K-4)

observes for lamellar graphite a rise from lp to 2p of 0.7 to 3.6.

In the absence of coherent information on the extinction

index, the data of Foster (Ref. 2K-3) have been chosen as rep-
resentative. Figure 1-2.2 shows these data. All other references

are included in Section HII-2. 2.
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1-2.3 Spectral Emissivity - Carbon

a) The spectral emissivities of high purity graphite and

carbon as measured by various authors are sufficiently similar

from 11, to 5p, the range of most experimental studies, to be

considered the same. Wide variations exist in the published data,

and the temperature dependence of e(X), if any, is poorly defined.I0
Nine representative curves have been chosen ranging from 1105°K

to 2850 0 K. All cover the lp to 4p range, and two, 1105°K and

14200 K, extend to 13P. Few conclusions regarding e(X) in this

temperature range can actually be drawn, unfortunately, except
that e(•> 0. 7 to about 9it.

b) Pyrolytic Graphite - pyrolytic graphite is a highiy

anisotropic material with C face (a-b plane) and A face (c-p',ane)

emittances varying by over a factor of 3 or 4 for much of the

spectral regions surveyed.

The data of Kibler (Ref, 2SE-13) indicate for the A face

(c-plane) that at 0. 5p, e(X) is low, but rises to a peak around

1.25p, then slowly drops (except for C(X) at T = 1914 0 K, which rises

slowly and levels off around 2. Op). There seems to be no simple

increase or decrease with temperature. Wilson's (Ref. 2SE-17) data
t show e(X) high (,,1.0) at short wavelengths, with a rapid drop in the

infrared. Autio and Scala (Ref. 2SE-3) show generally lower values

of e(•). There is presently no way to choose any one set of data as

representative.

The C face is shown by all researchers to have a much

lower emissivity that the A face. Kibler (Ref. 2SE-13) has observed

a value of 6(X) < 0. 3 for X < 1.0 p, which slowly increases with wave-

length and decreases with increasing temperature.

For both emissivities, readers are referred to Section

111-2. 3 for measurements made at specific temperatures. For

1-47



T = 1400 0 K, refer to Autio (Ref. 2SE-3); for T = 1600 0 to 2800 0 K,

refer to Kibler (Ref. 2SE-13); and for T above 28000K, refer

to Wilson (Ref. 2SE-l7).

Figure 1-2. 3 shows, for an example only, e(X) for the

A and C faces from 1800 K to 1900 K.
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1-2.4 Total Normal Emissivity, _.(T) - Carbon

A representative value for e (T) of unpolished carbon or

graphite, including the graphites HILM, H3LM, AGX, AGKSP,

ATJ, ATJS, AUC, GA, GBE, GNH, 60 580, 7087, 7100 and 3474D,

and Ll13SP high purity carbon, for tprcr'-atures ranging from
500 to 3000°K is approximately 0.85 + 5 percent.

Section 111-2.4 contains the processed data for e (T)

found in the literature for many specific varieties of carbons

and graphites.

Touloukian (Ref. ZTE-8) shows pyrolytic graphite as being

highly anisotropic in e(T), just as it was in e(X); the single tempera-

ture measurements of Wilson (Ref. 2TE-10) at temperatures above

2200 K do not confirm this behavior however. Both sets of data

are presented in Section 111-2. 4.

In using thes-e e(T) data one must take care to apply them

only to materials with surfaces prepared in a manner similar to

that in which the original samples were prepared. Surface oxidation

can cause very large changes in emissivity, and polishing can

orient the surface m'crocrystals, resulting in pyrolytic-like

emissivities for graphites.

1-2.5 Reflectance - Carbon

Ccrrelation between reflectivities and emissivities is very

poor for all published reflectivity data except Wilson's (Ref. ZR-5)

which are included in Section 1-2. 3. Section 111-Z. 5 presents one

single crystal reflectivity and two polycrystalline graphite

reflectivities, none of which have- any meaningful properties

in common.
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1-2.8 Conclusions: Areas Needing Further Research

No particulate optical properties have been measured for

pure particles, and the variations found in the data for soot make

extrapolation of the information to carbon very uncertain.

The refractive index and extinction index for bulk carbon,

graphite, and pyrolytic graphite are not known with enough

certainty to state if they are higher or lower at 8 t. compared

to I 1, and so need to be measured carefully.

The spectral emissivities of bulk graphite, pyrolytic

gr.phite, and carbon are known to approximately + 5 percent

for some materials, but the variations with temperature are not

clearly determined. Also, no 300 K emissivity measurements have

been made. The total normal emissivity is known to be 0.85 + 5

percent for a wide range of materials, and measurements are only

necessary for specific materials where great precision is desired.

In summary, most optical properties of carbon are poorly

known, and all, with the possible exception of e(T), need further

research.
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I1-3 MAGNESIUM OXIDE PROPERTIES

1-3.1 Refractive Index, n - Magnesium Oxide

Figure 1-3. 1 shows the representative curve for the MgO

refractive index at 300 0 K. No fine structure is visible except for

the maximum in the region of 25. 5 p. Data for single crystal MgO,

MgO evaporated films, and pclycrystalline MgO are in good agree-

ment from 1p to 9L; for wavelengths longer than 9L, only single

crystal measurements have been made. Measurements of n at high

temperatures can be found in Section 111-3. 1. 1

The representative curve was constructed using the data

of Kodak (Ref. 3N-6), Piriou (Ref. 3N-8)and Stephens (Ref. 3N-11).
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1-3. 2 Extinction Index, k - Magnesium Oxide

Figure 1-3. 2 shows the representative curves for the

MgO extinction coefficient at T = 300 0 K. High temperature

measurements are graphed and tabulated in Section 111-3. Z. The

extinction coefficient shows little structure except in the 10. 2P,

1l.6ý and Z5ýt regions. Measurements made by Hanna (Ref.

3K-3, 3K-4) indicate that, except at short wavelengths (< 9 P),

single crystal MgO and polycrystalline MgO have similar trans-

missive properties.

The representative curve was constructed using the data

of Oppenheim (Ref. 3K-10), Andermann (Ref. 3K-I), Hanna (Ref.

sK-4), and Rowntree (Ref. 3K-15). A linear interpolation was

made from 55k to 90p, an area of the spectrum where the data

of Plendl (Ref. 3K-13) indicate a lack of structure.
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1-3.3 Spectrei Emissivity, e (X) - MgO

Only three sources for magnesiuim oxide sp-ctral

emissivity were found, all for the polycrystalline form. The

data of Clark (Ref. 3SE-4) and Stierwalt (Ref. 3SE-10) at

T 1600 0K and 200 K are presented here in Figures 1-3.3 a and b.

I

I
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1-3.4 Total Normal Emissivity, C X) W- Magnesium Oxide

The total emissivity of polycrystalline MgO nas been
measured for temperatures ranging from 29 UK to 1800 0 K. The

representative curve for magnesia data, constructed by fitting a

third order polynomial to data from References 3TE-6 and 3TE-8

I is shown in Figure 1-3.4, and tabulated in Table 1-3.4.

e (T) is seen to decrease with temperature from a high of

-0. 7 to under 0.3 at 1500 K. This behavior is very similar to

that of e (X) of alumina.

No experimental error is quoted for these data.
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Table 1-3.4 Polynomial Fit to the Experimental Data
T c(T) T c(T) T em(T)

20.000 0.7201 920.000 0.4262 1820.000 0.302140.000 0.7170 940.000 0.4189 1840.000 0.306960.000 0.7136 960.000 0.4117 1860.000 0.3121

80.000 0.7099 980.000 0.4046 1880.000 0.3178100.000 0.7060 1000.000 0.3976 1900.000 0.3239
120.000 0.7018 1020.000 0.3907 1920.000 0.3306
140.000 0.6974 1040.000 0.3839 1940.000 0.3377
160.000 0.6928 1060.000 0.3773 1960.000 0.3453
180.000 0.6879 1080.000 0.3708 1980.000 0.3534
200.000 0.6829 1100.000 0.3644 2000.000 0.3620
220.000 0.6776 1120.000 0.3582 2020.000 0.3711240.000 0.6721 1140.000 0.3522 2040.000 0.3808260,000 0.6664 1160.000 0.3463 2060.000 0.3910
280.000 0.6606 1180.000 0.3407 2080.000 0.4017
300.000 0.6546 1200.000 0.3352 2100.000 0.4130
320.000 0.6484 12.20.000 0.3299 2120.000 0.4248340.000 0.6421 1240.000 0.3248 2140.000 0.4372
360.000 0.6356 1260.000 0.3199 2160.000 0.4502
380.000 0.6290 1280.000 0.3153 2180.000 0.4638
400.000 0.6222 1300.000 0.3108 2200.000 0.4779
420.000 0.6153 1320.000 0.3067 2220.000 0.4926
440.000 0.6083 1340.000 0.3027 2240.000 0.5080
460.000 0.6012 1360.000 0.2990 2260.000 0.5240
480.000 0.5940 1380.000 0.2956 2280.000 0.5405
500.000 0.5867 1400.000 0.2924 2300.000 0.5578520.000 0.5793 1420.000 0.2895 2320.000 0.5756
540.000 0.5719 1440.000 0.2869 2340.000 0.5941
560.000 0.5643 1460.000 0.2846
580.000 0.5567 1480.000 0.2826
600. 000 0.5491 1500.000 0.2809
620. 000 C. 5414 1520.000 0.2795
640.000 0.5337 1540.000 0.2784
660.000 0.5259 1560.000 0.2777
680. 000 0.5182 1580.000 0.2773
700.000 0.5104 1600.000 0.2773
720. 000 0.5026 1620. 000 0.2776
740.000 0.4948 1640.000 0.2783
760.000 0.4870 1660.000 0.2793
780. 000 0.4793 1680.000 0.2808
800.000 0.4715 1700.000 0.2826
820. 000 0.4639 1720.000 0.2848
840.000 0.4562 1740.000 0.2874
860.000 0.4486 1760.000 0.2905
880.000 0.4411 1780.000 0.2939
900.000 0.4336 1800.000 0.2978
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1-3.5 Reflectance - Magnesium Oxide

Figure 1-3. 5a presents the representative curve for

single crystal MgO at T = 300 0 K as measured by Hanna (Ref.

3R-7). Figures I-3.5b and c, measured by Piriou (Ref. 3R-13),

are taken as representative for this material for 1080 and 2225DK.

Measurements of the reflectivity of polycrystalline MgO
and MgO powder are shown ;n Figures 1-3. 5d and 1-3. 5e, respec-

tively, for T = 300 0 K. No high temperature measurements were

found in the literature. No polycrystalline data beyond 2p were

found, or powder reflectance data at wavelengths longer than

14 p.

Not included in the representative data are the meas-

urements by ArlL (Ref. 3R-2) of the angular spectral reflectivity

of MgO powders, which are presented in Section 111-3. 5.
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1-3.6 Transmittance - Magnesium Oxide

Figure I-3.6a and Table I-3.6a present the representative

data for bulk magnesia transmittance at T = 3000 K. Data are listed

in Sertion IH1-3.6 for transmittance at temperatures up to 1270 0 K,

over a limited range of wavelengths. These data are composed of

three unnormalized sets taken from Oppenheim 'Ref. 3T-12), Piriou

(Ref. 3T-13) and Hanna (Ref. 3T-6).

Figure 1-3. 6b and Table 1-3. 6b present the data of

Sirvastava (Ref. 3T-15) for powdered MgO at T = 300 0 K. No

high temperature powder transmission measurements have been

found in the literature.

The structure observed in these transmission spectra is

defined in Section 1-3. 7, where principal lattice frequencies and

absorption bands are listed.
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1-3.7 Classical Oscillator Frequency aT,. Observed

Absorption Peaks of MgO

These data were compiled from Gourley (Ref. 3T-4),

Piriou (Ref. 3T-13), Srivastava (Ref. 3T-15), and Sakse.ia

(Ref. 3R-15). Redundant measurements or calculations have not

been removed.

.1
W V (cm ) Comments Reference

27.36 365.5 T=77 0 K, med. strength 3T-13

27.03 370 2-phonon band 3T-15

25.26 395.88 principal lattice freq. (calc. 3R-15

23.81 420 2-phonon band 3T-15

22.47 445 2-phonon band 3T-15

20.41 490 2-phonon band 3T-13

16.95 590 2-phonon band 3T-15

15.87 630 2-phonon band 3T-15

15.55 643 T=77 0 K 3T-13

15.22 657 IR active mode 3T-4

14.72 670 multiple phonon '-and 3T-15

14.35 697 IR active mode 3T-4

13.89 720 multiple phonon band 3T-15

13.74 728 IR active mcde 3T-4

13.53 739 IR active mod- 3T-4

13.51 740 IR active mode 3T-4

13.40 746 IR active mode 3T-4
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___,(Cm- Comments Reference

13. 16 760 multiple phor.on band 3T-15
1Z. 82 780 T=77 0 K, weak 3T-13
12.80 781 IR active mode 3T-412.76 784 T=30 0°K, weak 3T-13

12.69 788 IR active mode 3T-4
12.34 810 2 phonon band 3T-15

12.29 814 IR active mode 3T-412.06 821 IR active mode 3T-4

12. 17 822 IR active mode 3T-4
12.08 828 T=77 0 K, weak 3T-13
12.08 828 IR active mode 3T-4
11.82 846 T=300 0 K, strong 3T-13
11.82 146 IR active mode 3T-4
11.72 853 T=77 0 K, strong 3T-13
11.63 860 2 phonon band 3T-15
11.63 860 IR active r.cde 3T-4
11.60 862 T=3000 K, strong 3T-13
11.52 868 T=77 0 K, strong 3T-13

11.31 884 T=77 0 K, weak 3T-13II.Z9 886 IR active i-ode 3T-4

11.24 890 2 phonon band 3T-15
11.2Z 891 IR active mode 3T-4
1J.19 894 T=3000 K, medium 3T-13
11. 16 896 Tz770 K, medium 3T-13
1I1 14 898 IR active mode 3T-4
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V (cm- Comments Reference
10.33 923 IR active mode 3T-4

010.80 926 T=300 K, medium 3T-13
010.74 931 T=77 K, medium 3T- 13

10.71 934 IR active mode 3T-4
10.60 943 IR active mode 3T-4
10.26 975 multiple phonon band 3T-15
10.18 982 T=300 0 K, strong 3T-13
10.15 985 IR active mode 3T-4
10-14 986 T=77 0 K, strong 3T-13
10.00 1000

9.90 1010 T=300 0 K, weak 3T-13
9.84 1016 T=77 0 K, weak 3T-13
9.09 to 1080 to 0 0
9.26 1100 Tz77 K, 300 K, medium 3T-13
8.97 1115 multiple phonon band 3T-15
8,88 IiZ6 IR active mode 3T-4
8.87 1127 IR active mode 3T-4
8. OU to 1200 to T=77 0 K, 300 0 K, strong 3T-138.33 1250

7.25 1380 multiple phonon 'band 3T-15
7.15 1400 T=77 0 K, 300 0 K, medium 3T-13
7.02 1425 muJt1ple phonor. band 3T-15
6.76 1480 multiple phonon band 3T-15
6.67 1500 multiple phonon band 3T-15
6.60 1515 multiple phonon band 3T-15
6.10 1640 multiple phonon band 3T-15
5.41 1850 multiple phonon band 3T-15
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i l -

1-3.8 Conclusions: Areas Needing Further Research

a) Refractive Irndex - rio measurements for p)wdered

MgO at any temperature have been made,

b) Extinction Index - for single crystal MgO and poly-

crystalline MgO, the region irom 5 5p. to 90• has

been inadequately sl, r,,eyed. Data for powdered

MgO at all ternpcratur,•s and wavelengths are needed.

c) Spectral E-nlissivity - room temperatu:-e measure-

ments fir bulk MgO are needed, and aliao meas-

urer.,ents for powdered MgO over the entire

*er 'parature and wavelength ranges.

d) Total Nor:nal Emissivity - no data for powdered
MgO have been found.

I

i- •



nr-� -

I

I
I
I

A

F

I



I
1-4 ZIRCONIUM DIOXIDE PROPERTIES

1-4. 1 Refractive Index, n-Zirconium Dioxide

No data on the refractive index of zirconium dioxide were

found.

9
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1-4. 2 Extinction Index, k-Zirconium Dioxide

The only value of k located in this literature srarch is

that of Piriou (Ref. 4K-1). His data are for monoclinic ZrO2 from

5p to 7 p at 300 0 K, and are shown in Figure 1-4. 2 and tabulated in

Table 1-4.2
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1-4. 3 Spectral Emissivity, f ( ) Zirconium Dioxide

Figures 1-4. 3a, b, c show the values of e(X) at T=1Z00, 1400,

and 1600 0 K measured by Clark and Moore (Ref. 4SE-5) for cubic-

stabilized zirconia. These data are in fair agreement with the other

published values of C(X), which are presented in graphic and tabu-

lar form, except that the minimum shown at Zpwas not observed by

Blau (Ref 4SE-2). Two possible reasons for this discrepancy are
differences in spectrometer bandpass or crystal 1tattce structure.
Clark and Moore (Ref. 4SE-5) describAd the effects of inadequately

stabilized cubic ZrO2 at 1600 K as being an increased emittance

at short wavelengths with a corresponding long wavelength decrease.
Figure 1-4. 3d shows the variation of e(k) with T for several wave-

lengths, and suggests a minimum near 1100°K at short wavelengths.

The existing data are not sufficiently accurate and/or detailed to

adequately determine this variation, however.

It should be noted that in general, emissivity data is dependent

on such sample properties as porosity, density, and surface prepara-

tion, making application of such data to samples that differ from the

original rather uncertain in accuracy. Wherever possible, emissivity

data will describe in detail the sample studied.
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1-4.4 Total Normal Emittance: e (T)-Zirconium Dioxide

Four sets uf total normal emittance measurements for zirco ;a

either pure or in calcia- or magnesia-stabilized forms have been found

in the literature, and are in good agreement. The experimental error

limit of + 0.05 in s(T) as reported by Hedge (Ref. 4TE-1) is probably

representative of all the data. Figure 1-4. 4 shows all the experimental

data points and a fitted third-order polynomial curve, which is tabulated

in Table 1-4.4.

e (T) varies from approximately 0. P at 50 K through an

apparent minimum of about 0.4 between 1100 and 1600 0 K, to

over 0. 5 at 2500 0 K. Nfo explanation of the mini-mum has been

found in the literature.

All digitized data in the tables in Section 111-4. 4 were

transcribed directly from the experimental points shown explicitly in

the literature, not from fitted curves.
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.4 :YLctanede

Sare 1-4. 5 shows the data )f Clark (Ref. 4R-1) and

Piriou (Ref. 4R-3) for monoclinic zirconia at 300 R. P.eflectanc¢
spectra for the metastable cubic 1 hase may be seen in Section M11-4. 5.
No data from Z. 5 to 9ý were found in the literature, and no data for

temperatures other than 300 K were obtained.
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1-4.6. Transmittance - Zirconium Dioxide

Unnormalized representative data for monoclinic zirconia

transmittance are listed in Table 1-4. 6a and b, and shown in Figures

1-4. 6a and b. The data from ip. to 9p were measured by Piriou

(Ref. 4T-6), and from 121k to 3 6p by Baun (Ref. 4T-1). The wave-

lengths of the absorption bands of ZrOZ having cubic, tetragonal,

strained metoclinic, and monoclinic structures are tabulated in

Section 1-4. 8.
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1-4.7 Observed Absorption Peaks of Zirconium Oxide

These data were compiled from Baun (Ref. 4T-1),

Phillippi (Ref. 4T-5) and Piriou (Ref. 4T-6). Redundant data

have not been removed.

W(P) F(cm ) Comments ReferenceI
7.0 1428.6 monoclinic 4T-6

8. 1 1234.6 monoclinic 4T-6

12.66±0.16 790± 10 monoclinic 4T-6

13.42 745 monoclinic 4T-1

13.51 740 strained monoclinic 4T-5
13. 51 740 monoclinic 4T-5
14.29±0.,0 700±10 monoclinic 4T-6

16.12 620 shoulder; rnonoclinic 4T-1
16,13 620 monoclinic 4T-5

17.24 580 strained monoclinic 4T-5

17.25±0.29 580±10 monoclinic 4T-6

17.39 575 tetragonal 4T-5

18.87 530 high intensity, br-jad; monoclinic 4T-1

19.42 515 monoclinic 4T-5

19.61 510 tetragonal 4T-5

g19.61 510 strained rrionoclinic 4T-5

20.63±0.43 485±10 monoclinic 4T-6

20.83 480 broad minimum; cubic 4T-5

22.22 450 low intensity; monoclinic 4T -1

22.47 445 monoclinic 4T-5

22.49±0.50 445±10 monocliniic 4T-6
22.99 435 tetragonal 4T-5

23.53 425 strained moxioclinic 4T-5

23.81 420 low intensity; monoclinic 4T-1

24.10 415 monoclinic
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Table 1-4.7 (Continued)

r( ) F(cm" ) Comments Reference

24.41±0.59 410±10 monoclinic 4T-6

26.67 375 low intensity; monoclinic 4T-1

26.67 375 m:noclinic 47 - 5

26.68± 0.71 375±10 monoclinic 4T-6

27.40 365 tetragonal 4T-5

27.78 360 shoulder; monoclinic 4T-1

27.78 360 strained monoclinic 4T-5

27.78 360 monoclinic 4T-5

37.04 270 monoclinic 4T-5

37.74 265 strained monoclinic 4T-5

37.88 264 monoclinic 4T-1

42.55 235 monoclinic 4T-5

43.48 230 strained monoclinic 4T-5

44.44 225 monoclinic 4T-1
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1-4.8 Conclusions: Areas Needing Further Research

So little is known about zirconia that the research areas

open for further work are best defined if that which has been mreasured

is summarizea.

a. k: Measured from 5pto 91, 3000K to: bulk monoclinic ZrO .

b. e(X): Measured well from lpto 15iat 12000 Kto IA00 0 K for
bulk calcia stabilized zirconia.

c. e(T), Well defined to 2386 0 K.

d. Reflectance: Bulk zirconia 0.2p to 2.2jand 91jto 3 3 ". NIo
data from 2. 5p to 9. 0. All at 300 0 K.

e. Trans rnittance: Bulk monoclinic zirconia, l4to 9p and powdered
zirconia ll1 to 33p. No 94 to 11l• data of any
kind for mnonoclinic zirconia. One measurement
of 94 to lltranssmittance for cubic zirconia.
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III-1. ALUMINUM OXIDE DATA

Il1-1. I Tabulated Refractive Index Data-Aluminum Oxide

Contents:
0

IN-2: Harris and Piper; films of ZOO A to Z800 A thickness,
T = 300 0 K (unspecified).

IN-3: Loewenstein; n and n at T = 1. 5 and 300 0 K, 5 0 1, to 3.101
for sapphire. 0 e

lN-5: Malitson; n of sapphire at T = 297°F.
1N-9: Piriou; sapphire at T = 293 0 K, 1773oK.
IN-10: Roberts; sapphire, T = 300 0 K, X> 100.
IN-11: Russell; sapphire, T = 300°K, ý>60 •.
IN-12: Streed; sapphire at T 3000K an 925 0 K, alumina powders

at T = 300 0 K.
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IT!-1 2 Tabulated Extinction Coefficient Data - Aluminum Oxide

Contents:

1K-i: Grimm; G.E. Lucalox, T = 300 0 K.

IK-2: Gryvnak; sapphire, T - 296 to 22930K. 0

jLK-4: Harris; aluminum oxide films 200 to 2800 A thick.

IK-5: Loewenstein; sapphire, T = 1. 5 and 300 0 K.

IK-6: Mergerian; sapphire, T = 373 to 1273 K.

1K-10: Oti; sapphire, T = 300o e .

IK-l1: Oppenheim; sapphire, T = 293 to 1273°K.

IK-12: Piriou; sapphire, T = 77 K and 293 K.

IK-13: Piriou; sapphire, T = 293 K and 1773 K.

IK-15: Russell; sapphire, k0 and ke, T = 300 K.

IK-16: Streed; sapphire at T = 300 0 K b alumina powder at

T = 300, 1000, 1500, and 2000 K.
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L1-1. 3 Tabulated Spectral Emissivity Data - Aluminum Oxide

Contents

ISE-2: Aronson; Alumina powder, 5-30 ý diameter, T = 298°K.

ISE-3: Bergquam; 0. 3 ýdiameter alumina powder, T = 1000 0 K.

ISE-4: Blau, bulk alumina at T =8730 K and 1303 0 K. Materials
are Coors AD-85, Coors AD-99, and Norton TWA-2.

ISE-6: Carlson; liquid Al 2 0 3 droplets T-2350 0 K to 2880'K.

lSE-8: Clark; 99. 2 percent pure bulk alumina, T = 1200°K,
1400 0 K, 1600 0 K.

ISE-1i: Mergerian; sapphire, T = 373°K, 648°K, 1013 K, 1213°K.

ISE-12: Richmond; alumina grit blasting effects.

ISE-14: Schatz; sintered alumina, T = 373°0K, 885 0 K, 1003 0 K,
1148 0 K, 127 30 K.

ISE-16, Stierwalt; sapphire, T=4.2°K, 77°K, 200°K.
I SE -17., Streed; flame sprayed alumina particles of 0. 06 p, 1I 011,

and 8. 0 tdiameter, T = 300 0K to 2000 0K.

SISE-18: Touloukian; alumina-, G.E. Lucalox, T = 8130K; Norton
STWA-2, T = 8730K, 1323 0 K; Coors AD-99, T=873 0 K;
Coos AD-995, T=814 0 K;" and miscellaneous Coors and
McDanel materials from 8000 K - 1600 0K plotted together.
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Section III-1. 4 rabulated Total Emissivity Data - Aluminum Oxide

Contents:

ITE-1: Gannon; Norton Co. ElIl alumina for T = 958"K to 11580K;
study ot porosity and surface roughness effects.

ITE-2: Mergerian; Sapphire, T = 3730K to 1273 0 K.

ITE-3: Morizumi; rocket exhaust particles, T = 13890K to 22222K.

ITE-4: Olson; Norton RA-4213 and LA-603 Aluminas, T = 63 0 K tc
18000K.

ITE-5: Touloukian; various aluminas, T = 630K to 1800 K.

ITE-6: Wittenberg; sapphire, T = 200 K to 3730K.
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ILI-1. 5 abulated Reflectivity Data Aluminum Oxide

Contents:

IR-1: Aronson; corundum powders and spheres ranging in
size from 0. 31 to 135t diameter; the effects of surface
abrasion on randomly oriented sapphire.

1R-3: Aronson; sapphire at long wavelengths, T = 10 K, 300 K.

IR-4: Barker;, sapphire and ruby for ordinary and extraordinary
ray orientations; the effect of surface etching and abrasion
on the appearance of bands due to forbidden phonon modes.

IR-6: Clark; fine grained 99 + percent pure alumina.

1R-7: Gervais; sapplire heated to 960 K to 2070°K by a furnace
and a 944 cm- laser.

1R-8: Harris; 50, 100, 200 volt Al 2 0 3 films, T = 300'K.

1R-10: Levy; pelletized spinel alumina powder, T 300 0 K.

IR-11: McCarthy; sapphire, 2 mm thick, T = 3000K.

IR-12: McCarthy; sapphire, 3 mm thick, T = 300°K.

1R-15: Piriou; sapphire, T = 293 K, 1773 K.

IR-17:I Salama;' RF sputtered Al 2 0 3 film, T = 36C0 K.

IR-18: Tipunin; pure corundum, T = 300 0 K.

11- 155 Preceding page blank
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11-I. 6 Tabulated Transmittance Data-Aluminum Oxide

Contents.

IT-1: Dorsey; a, y, and pseudo y alumina powders, T 7 3000 K.

IT-3: Gillespie; Linde sapphire, T = 2980K to 673°K.

1T-4: Grimm; synthetic sapphire and G. E. Lucalox, T 300°K.

IT-6: Harris; aluminum oxide films, X = 14p to 901.

IT-8: Lee; sapphire, T = 297 K to 1473 K.

IT-9: Loewenstein; sapphire, T - 3000K.

1iT-10: Marshall; sapphire, T_- 300 K.

IT-Il: McAlister; sapphire, T = 673 0°, 873 0 K, 10730K.

IT-I2: McCarthy, sapphire, T ' 3000K.

1T-13:; McCarthy; sapphire, T 3000K.

IT- 15: Mitsuishi; powdered a - AI 2 0 3 , T =300°K.

1T-16: Olt; sapphire, T = 773°K.

1T-!7: Oppenheim; sapphire, I' = 293 0 K to 1273 K.

I r-19: Piriou; sapphire, T = 77 Kand ?73 0 K.

IT-20: Roberts; sapphire, T 300 K.

1T-22: White; a - AI 2 0 3 powder, T 7300K.
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